The interface of two dissimilar materials is well known for surprises in condensed matter, and provides avenues for rich physics as well as seeds for future technological advancements.
Hematite (or α-Fe2O3) is an earth abundant and environment-friendly oxide, generally considered as a menace, for its appearance as common rust over elemental Fe, but technologically, it is well known for a very diverse range of applications. [1] However, the observation of WFM [2, 3] nearly six decades ago in hematite and its connection to spin orbit coupling (SOC) has had profound implications in the field of spintronics. A variety of nontrivial topological spin structures in chiral magnets stabilizing through DMI/SOC have triggered new research areas such as antiferromagnetic spintronics and spin orbitronics [4, 9] .
3 key result there is the observation of highly time-stable μ along with some other features that exclusively connect it to WFM phase. [21] On a general note, magnetic oxides such as hematite are well known to exhibit a remarkably wide range of functional properties, [22, 23] device fabrication still remains a challenge due to a number of practical issues. In this light, the oxide encapsulation inside carbon nanotubes is potentially beneficial for a number of reasons. Owing to a wide diversity in the electronic and magnetic ground states of the encapsulate [22, 30] together with unprecedented mechanical, electrical and thermal properties of the CNT, [24] these hybrids are potential 
&(g) are the SEM images for the oxide template . (h) shows M vs T in a typical FC (blue dots) and ZFC (black dots) for the sample α-Fe2O3@CNT measured 1kOe (i) shows the same for the oxide template.
candidates for novel interface effects. [25] [26] [27] [28] In this work, we present experimental results that indicate that encapsulation of α-Fe2O3 inside CNT is the most efficient way to enhance the magnitude of the DMI driven WFM and consequently PzM.
The CNT with α-Fe2O3 encapsulate has been obtained in aligned forest form [31] . This sample is referred to as α-Fe2O3@CNT (Figure 1a-1b Japan and fitted using Rietveld Profile Refinement [32] ( Figure S1 ). This basically involves cooling (or heating) the sample in presence of H from above (or from below) the TM of α-Fe2O3 and eventually switching off H at 5K (or at 300K) for measuring µFC (or µZFC). It is to be emphasized that the µ is strictly measured in H = 0 condition. The H indicated in all the figures pertaining to µ is to convey its magnitude while preparing a remnant state.
Enhanced Magnetization: Magnetization as a function of temperature for α-Fe2O3@CNT in a typical FC (blue dots) and ZFC (black dots) cycles, measured at H~1kOe is shown in (Figure 1h) . Same is shown for the α-Fe2O3 template (Figure 1i ). Both the samples exhibit well pronounced TM, intrinsic to the bulk α-Fe2O3. The shift in TM towards lower temperatures (as compared to bulk α-Fe2O3) as we the functional form of M vs T is consistent with the fact that α-Fe2O3 in both cases is in the form of nano wires. Thus, the broad features of magnetization and history effects (i.e. bifurcation in FC/ZFC cycles) can be attributed to nano scaling, consistent with previous reports. [33, 34] In conventional LRO or in complex magnetic systems MFC > MZFC is a frequently observed phenomenon. [17, 35] However, we observe the opposite, especially in the temperature region above TM (Figure 1h&1i) . This is not a common occurrence, but it has been reported earlier. [36, 37] We shall come back to this issue in the latter part of the text.
The more prominent observation is about an order of magnitude enhancement in M between α-Fe2O3@CNT and the α-Fe2O3 template at each H. For instance, MFC = 1.3 emu/g (Figure 1i ), whereas it is ~ 0.1 emu/g for the template (Figure 1j ) for H =1 kOe and T= 5K.
Assuming that the graphitic shells of CNT do not contribute magnetically in a conventional sense, the data presented in Figure 1h&1i are intriguing. The enhancement is seen in all H for α-Fe2O3@CNT as compared to the template ( Figure S2 ). It is to be noted that for the template, the magnitude of M is similar to what one usually observes in α-Fe2O3 nano particles. [21, 33, 34] If this enhancement in M was arising only due to the nano scaling of α-Fe2O3 or if it was morphology related (aligned forest), the effect should have persisted in the template. Though, both the size effects & morphology certainly have a role to play as far as WFM is concerned, [21, 28] , data in Figure 1h&1i suggest that the significant enhancement in M is related to the interface effects.
Enhanced Remanence : A more striking (and useful) result is the observation of a timestable µ for both the samples, the magnitude of which is substantially enhanced in case of α-Fe2O3@CNT (Figure 2a) . Here again, the magnitude of the µZFC is at least an order of magnitude larger for α-Fe2O3@CNT (blue dots) than what is observed in the template (red dots). to note that the remanence is larger and more stable at 300 K than at 5K, even though thermal fluctuations should disrupt the remanence more at higher temperatures.
Weak Ferromagnetism & Unusual Magnetization Dynamics :
Recently, investigating μ in a number of such canted AFM has enabled an understanding that these systems leave some unique footmarks in remanence, which are not evident in routine M vs T or M vs H cycles. [21] With special focus on α-Fe2O3, which shows both AFM and WFM phase across TM , the spin configuration is schematically shown for pure AFM (Figure 2e ) and the WFM phase ( Figure   2f ), for which the spontaneous canting of the type ⃗ ⃗ . × is symmetry allowed, leading to a net ferromagnetic moment, in an otherwise AFM. It is to be recalled that the net in-field magnetization in an AFM depends on the energies including Zeeman, exchange and magnetocrystalline anisotropy. [15] In the case of WFM, the direction of net ferromagnetic moment due to the canted spins is an additional factor. In the light of above scenario, we discuss all the unusual results, the nature of FC/ZFC bifurcation in M vs T, the presence of a time-stable μ with a counter intuitive H dependence and enhanced magnitude of M & μ in case α-Fe2O3@CNT.
We first discuss the unusual history effects, MFC < MZFC (Figure 1i-1j [21, 28] From the measurements conducted on single crystal α-Fe2O3, we found that this time-stable μ appears in WFM region and vanishes in pure AFM region and the effect is also significantly tunable by nano scaling [21] . More importantly, while M increases with increasing H, the corresponding μ exhibits a peak like behavior with increasing H [21] . In case of remnant state prepared following a FC or ZFC cycle, the net magnetization depends on the Zeeman energy as well as the contribution of average net FM moment corresponding to the spontaneously canted WFM domains in the direction of H. If the remnant state is prepared with H above a critical value, the Zeeman energy dominates. In this case, after switching off H, the remanence decays instantaneously. Between the two extremes, magnetization dynamics is governed by net FM contribution from` spontaneously canted spins and the Zeeman Energy.
This leads to a peak like pattern in H dependence of time-stable μ as we have observed in a number of canted AFM [21] . We have also shown experimentally that once a remnant state is set due to H applied in a certain direction, removing H or reversing its direction in WFM region does not alter the magnitude or the direction of remanence. [21] The robustness of this remanence is indicative of WFM domains in the direction of H and flipping its direction would mean flipping of super exchange driven AFM sublattice, which is highly energetically unfavourable. [11] This also explains the time-stable character of μ.
Thus the presence of this time-stable μ, exclusively associated with canting explains the ambiguity in magnitude of M (and PzM) on repeated cooling [13, 38] 
Fe2O3@CNT (blue dots) and the template (red dots). (c) Volume of the unit cell, exhibiting slight anamoly near ~250K. (d) lattice parameters of CNT in the sample α-Fe2O3@CNT. Here, lattice parameter "a'' of CNT exhibit a clear anomaly at ~ 250K, around the Morin Transition of the encasulate . This is evident from the M vs T data presented in (f) for the bare particles of α-Fe2O3 ( red dots) and α-Fe2O3@CNT (blue dots) . The dotted black line is a guide to eye.
cycles at any fixed H (Figure 2) . Thus, the enhancement in M as observed in the α-Fe2O3@CNT as compared to the template is much larger than what can be explained by history effects.
Therefore, we conclude that the enhancement in magnitude of M and correspondingly μ in α-Fe2O3@CNT is not fully due to either nano scaling (both contain nano wires of α-Fe2O3) or morphology of α-Fe2O3 (which is quite similar in both samples). This prompted us to explore the oxide/CNT interface and associated strain effects arising due to lattice mismatch in more details.
Temperature variation of Lattice Parameters across TM : We have recently shown
the correlation between structural parameters and the magnitude of for a number of symmetry allowed DMI driven canted AFMs. [21] The c/a ratio also exhibits a much rapid fall with decreasing temperature in case of MnCO3 and exhibits a more pronounced anomaly in the WFM region [21] as compared to α-Fe2O3. Here, MnCO3 is known to be a stronger WFM / PzM as compared to α-Fe2O3 due to its lower Neel transition temperature. [2, 10, 14] In view of these observations, we investigated the temperature variation of lattice parameters for both α-Fe2O3@CNT as well as the template. For the lattice parameters, the synchrotron XRD data of α-Fe2O3@CNT sample has been fitted using two phase model in Rietveld Profile Refinement, [32] corresponding to rhombohedral α-Fe2O3 (R -3 c; hex-setting) and the CNT (P 63 m c). [39] In case of the template, all peaks are identified with α-Fe2O3 ( Figure S1 ). For both the samples, lattice parameters corresponding to α-Fe2O3 phase as well as the respective volume of its unit cell are compared in Figure 3a -3c. Significant compression effects are observed in the entire temperature range (20-300K) for both the "a'' and "c'' lattice parameters of α-Fe2O3@CNT (blue dots) as compared to its bare nano particles (red dots). A slight anomaly in the lattice parameters of α-Fe2O3 around TM is seen in both the samples. In this aspect, the data are similar to that observed in bare α-Fe2O3 nano crystals, formed using hydrothermal method [21] . Surprisingly we find a pronounced feature in the lattice parameter "a'' of the graphitic phase (corresponding to CNT), which coincides with the Morin transition TM, intrinsic to the oxide encasulate (Figure 3d) . A slight anamoly at this temperature also exists for the lattice parameter "c'' corresponding to the CNT (Figure 3d-3f) . This implies that the SO coupling associated with the spin canting phenomenon of the oxide encapsulate is transmitted to the graphitic shells, particularly to its in plane lattice parameter "a''. This leads to this significant enhancement in the magnetic properties associated with WFM phase near the room temperature. Though microscopic measurements [40, 43] are certainly needed to confirm this, it appears that the huge enhancement in the magnitude of magnetization as well as remanence is arising due to this interface effect, which primarily exists between the lattice parameters of α-Fe2O3 and the CNT. It is also to be recalled that due to curved surface of CNT, as compared to graphene, the SO coupling is considered to be larger. [29] There also have been recent reports on interfacial DMI on graphene/ferromagnetic metal based heterostructures. [44] . However, encapsulation of a symmetry allowed DMI driven canted AFM inside CNT, such as shown here, clearly augments the effect as is evident from Figures 2-3 .
As mentioned before, larger TN implies stronger AFM super exchange, leading to smaller spin canting in α-Fe2O3. Thus, both WFM and PzM effects are relatively smaller in bare α-Fe2O3 (TN ~ 950K) as compared to MnCO3 (TN ~ 30K). [2, 3, 10, 14] This feature is reflected in their respective time-stable μ as well as temperature variation of their respective lattice parameters. [21] However, the magnitude of μ observed in α-Fe2O3@CNT at 300K (this work)
is now at par with that observed in MnCO3 below 30K. [21] The anomaly in lattice parameters near TM in case of graphitic shells in α-Fe2O3@CNT (Figure 3e ) is also more pronounced than what is observed in the lattice parameters of pure MnCO3 in its WFM phase. [21] Thus, we
propose that encapsulation of α-Fe2O3 within CNT leads to strain and interface effects, which, in turn, modulate the spin canting angle, Fe-O-Fe bond angle and bond lengths [2, 3] . The strain effects, as evident from volume compression (Figure 3c) , are likely to modulate the WFM phase as this can affect both the spin canting angle and a Fe-O-Fe bond lengths/bond angles associated with AFM super exchange. [2, 3] The enhancement in both the magnetization and the remanence is also consistent with these strain effects which are significantly large for α-Fe2O3@CNT. [21, [45] [46] [47] , which has been enhanced by an order of magnitude by encapsulation of α-Fe2O3 inside CNT.
Looking at μ as the capacity of magnetization retention, two important aspects are its (i) magnitude and (ii) holding time. Since room temperature is more relevant for practical applications, we tabulate the M and μZFC data at 300 K for the sample α-Fe2O3@CNT ( Table   1 ). Up to 70% of in-field M is retained (in the form of μ) after removal of H ~ 100 Oe and 40 % in case of H ~ 1000 Oe for the sample α-Fe2O3@CNT. These H values can easily be achieved by bar magnets. After removal of H, the magnetization decays with time ~ 0.5 % in the measurement time span of two hours α-Fe2O3, whereas it is ~ 5 % in case of the template ( Table   1 , Figure 2 ). The remanence is stable and larger at 300K than at 5K, further confirming the magnetization dynamics in weak ferromagnetic region is different from other magnetic systems including spin glasses and other nano scale AFM. [17, 20] . This effect is observed at room temperature, and therefore it holds promising technological implications. For instance, in routine FM/AFM exchange bias [48] systems, replacing antiferromagnet with a weak ferromagnet should provide a new and a very robust magnetization pinning. This pinning requires rather low magnetic fields and should also be tunable by stress.
In conclusion, appearance of time stable remanence is intimately related to 
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Synthesis of α-Fe2O3@CNT and α-Fe2O3 Template
The precursor, Ferrocene (98% pure), has been procured from Sigma-Aldrich. The synthesis of the samples being studied involves two steps. (i) Synthesis of Iron-filled multiwalled carbon nanotubes (Fe@CNT) and, (ii) Oxidation of the as-prepared Fe@CNT to form α-Fe2O3@CNT (or α-Fe2O3 Template) by suitable annealing treatments as described below.
Fe@CNT: The iron-filled CNT (Fe@CNT) are synthesized using solid-state Chemical Vapor Deposition (CVD) method which comprises of pyrolysis of powder ferrocene [31] . The samples being studied here are prepared by sublimation of ferrocene at 300°C, and further pyrolysis at 
Text S2
It is to be noted that a common practice is to heat the sample above TN, prior to another FC/ZFC cycle in a different H. This is not practically possible in the case of α-Fe2O3 with TN ~ 950 K. A common practice is to first record ZFC cycle during warming, followed by cooling the sample in same H, leading to FC cycle. However, this protocol leads to spin canting guided from H from below TM during a ZFC run. Hence, in this work, the sample is heated in zero H from below its TM prior to any M vs T in presence of H (either FC or ZFC). This protocol leads to more reproducible data on repeated temperature cycling in same H. Remnant states prepared in different H are also prepared following this protocol. 
